Sulfur dioxide (SO 2 ), a typical gaseous compound found in the atmosphere, corrodes metals, particularly outdoors. When SO 2 adsorbs on the surface electrolyte, it easily dissolves, resulting in the formation of protons (H ) and bisulfite ions (HSO 3 ). The former reduces the pH of the surface electrolyte, which promotes metal dissolution.
tion equipment. Since silver and copper are affected by SO 2 , it is important to know the effects of SO 2 on their corrosion behavior to predict the life expectancy of the equipment. Such knowledge would also be useful for coping with anomalous situations, such as volcanic eruptions, in which the SO 2 concentration can exceed several hundred ppb. A previous study showed that silver and copper plates exposed to the atmosphere were severely corroded following the volcanic eruption on Miyake Island in 2000. 1) Much effort has been expended on clarifying the effects of SO 2 on atmospheric silver and copper corrosion. A number of laboratory experiments have been reported regarding the effects of exposure to high SO 2 concentrations.
2) 15) Using infrared reflection absorption spectroscopy (IRAS), Persson and Leygraf showed that sulfite formed on the surface of copper during the initial stage when it was exposed to 0.21 ppm SO 2 in flowing air at 80 relative humidity (RH). 16) In situ analysis using IRAS and a quartz crystal microbalance by Ito et al. 17) 18) revealed that sulfite like CuSO 3 Cu 2 SO 3 2H 2 O (Chevreul's salt) and sulfate CuSO 4 5H 2 O formed as corrosion products on copper exposed to flowing air containing 10 ppm SO 2 at 80 RH. Moreover, the formation rate of sulfite was higher than that of sulfate in the very early stage. 17) 18) In contrast, the sulfidation rate by SO 2 for silver is much lower than that by reduced sulfur species, such as H 2 S and COS. 12) Since SO 2 is considered to be a weak corrosive agent for silver, the effect of SO 2 on atmospheric silver corrosion in the initial stage has received little attention.
In this study, the chemical state of the sulfur was investigated when silver and copper plates were exposed for one hour to flowing air containing low concentrations of SO 2 . Since the electrochemical reactions occur at the metal/ electrolyte interface in the early stage of corrosion, X-ray photoelectron spectroscopy (XPS) was used. The SO 2 concentrations were 18 and 148 ppb ; the former is at least one order of magnitude lower than those in previous studies.
16) 18)
The silver and copper plates were 99.99 pure and 5 5 0.1 mm in size. Their surfaces were sputtered with 3 kV Ar ions to clean them. The sputtering was conducted until both carbon and oxygen were not detected in the XPS spectra, as described elsewhere. 19) Zairyo-to-Kankyo, 10 15 2007 Comparative Sulfur dioxide (SO 2 ) is a typical gas affecting the atmospheric corrosion of metals, particularly outdoors. Although many studies have investigated the effect of SO 2 on the atmospheric corrosion of silver and copper, little is known about the early stage of their corrosion behavior. In this study we analyzed the chemical state of sulfur on silver and copper plates exposed to flowing air containing low concentrations (18 and 148 ppb) of SO 2 using X-ray photoelectron spectroscopy (XPS). The shapes of the spectra were the same for both concentrations, indicating that the chemical state of the analyzed elements did not depend on the SO 2 concentration. There was a difference in the chemical state of the sulfur between the silver and copper. Three peaks were observed in the S 2p XPS spectra for the silver originating from bisulfite, S 2 O 5 2 , S 2 O 3 2 , and S 2 . The bisulfite resulted from SO 2 dissolution into the surface electrolyte, and the others resulted from the reduction of sulfurous acid. In contrast, only bisulfite was observed in the S 2p XPS spectra for the copper. It also originated from the dissolution of SO 2 into the surface electrolyte. The difference in the chemical state of the sulfur between the silver and copper is attributed to the presence of native oxides on the surface, which may have impeded the reduction of bisulfite.
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The plates were exposed to flowing air containing two different SO 2 concentrations, 18 and 148 ppb, for one hour. These concentrations are one and two orders of magnitude higher than those observed outdoors in Japan in areas without strong emission sources. The temperature and RH during exposure averaged 26 and 44 , respectively. Following exposure, the plates were immediately returned to their carrying case 19) to avoid further contamination.
Using a PHI 5700 photoelectron spectrometer, we analyzed the chemical states of the sulfur, oxygen, and base metals (silver and copper). The X-ray source was a monochromated Al Kα with a characteristic energy of 1486.6 eV ; its total power dissipation was 200 W. Detailed scans of the Ag 3d, O 1s, and S 2p regions for silver and the Cu 2p, O 1s, and S 2p regions for copper were recorded in 0.1 eV energy steps. The spectra were collected at a 45 photoelectron takeoff angle. The binding energies were corrected using that for the adventitious carbon peak at 284.6 eV.
As shown in Fig. 1 , the Ag 3d XPS spectrum for silver exposed to the 18 ppb SO 2 was substantially the same as that of the silver exposed to 148 ppb SO 2 . There are two sharp peaks originating from Ag 3d 5/2 and 3d 3/2 , the former centered at 368.5 eV and the latter at 374.5 eV. The peak shape, the binding energy difference between 3d 3/2 and 3d 5/2 ( ), and the peak position of Ag 3d 5/2 (368.3 eV) agree well with those for metallic silver in the Handbook of X-ray Photoelectron Spectroscopy. 20) This means that the silver still had its metallic characteristics even after the exposure.
As shown in Figure 2 , the O 1s XPS spectra for the silver were also substantially the same. The peak at 531 eV corresponds to oxygen in hydroxyl (OH).
21) The asymmetric shape of this peak indicates the presence of another component on the higher binding energy side (indicated by the arrows in Fig. 2 ). This component originated from the oxygen in the bound water (H 2 O).
21) The presence of these two components in the O 1s XPS spectra indicates that water in the atmosphere (the average RH was 44 ) adsorbed on the silver surface. Components originating from the silver oxide (Ag 2 O), which has a binding energy of 529.2 eV 20) , were not observed. This is reasonable because silver oxide does not form under ordinary conditions, unlike copper oxide. 22) These results agree well with those reported by Kim and Payer. 23) As shown in Fig. 3 , the S 2p XPS spectra for the silver were also substantially the same. There are three components arising from the S 2p 3/2 : a broad peak at around 162 eV and two sharp peaks at 165.9 and 167.5 eV. The shoulder observed on the higher binding energy side for both concentrations is attributed to the S 2p 1/2 component of the peak at 167.5 eV given the difference in the binding energy between S 2p 1/2 and S 2p 3/2 (1.18 eV 20) ). Table 1 summarizes the binding energies for the reference compounds. 6), 10), 24) The broad peak at 162 eV originated from S 2 . Both ions have two sulfur atoms and one more peak, as shown in Table 1 . There are four possibilities for the strongest peak at 167.5 eV : sulfite (SO 3 2 ), bisulfite, S 2 O 3 2 , and S 2 O 5 2 . During exposure, SO 2 dissolved into the surface electrolyte and bisulfate ions formed, as described above; therefore, the peak at 167.5 eV mainly Table 1 correspond to the observed ones. The existence of a lower sulfur valence state (S 2 or S 2 O 3 2 ) indicates the reduction of sulfur. Fig. 4 shows the Cu 2p spectra for the copper. As with the Ag 3d spectra, they were substantially the same and contained sharp doublet peaks originating from Cu 2p 3/2 and 2p 1/2 . While Cu 2 O several nm thick is generally found on a copper surface, the difference in the binding energy between the metallic copper and Cu 2 O is too small to distinguish in the Cu 2p XPS spectra.
21) The weak, broad satellite peaks, indicated by arrows, correspond to small amounts of cupric species (Cu 2 ) on the copper surface. While similar satellite peaks were previously observed for an as-cleaned copper surface, 21) in this study the copper surface was sputtered by Ar until carbon and oxygen were not observed in the spectra. Therefore, the initial surface conditions were different. Apparently, cupric species, such as Cu(OH) 2 , formed during exposure.
The Cu 2p XPS spectra of copper exposed to an urban atmosphere in previous studies 21) , 25) are completely different from those obtained in this study. For comparative purposes, the Cu 2p spectrum of copper exposed to an urban atmosphere is shown in Fig. 5 . The broadening of the Cu 2p 3/2 and 2p 1/2 peaks and presence of the satellite peaks due to the generation of cupric species are clearly observed. Phase identification of the copper patinas by Xray diffraction revealed that Cu 2 O and hydrated basic copper sulfate (Cu 4 SO 4 (OH) 6 H 2 O) formed. The latter compound would account for the change in the Cu 2p XPS spectra.
The O 1s XPS spectra for the copper, shown in Fig. 6 , are similar to those observed for silver in terms of the Zairyo-to-Kankyo binding energy (Fig. 2) ; however, the peak shape is different. The broadening of the O 1s XPS spectra indicates the presence of another component. There was no obvious difference between the two spectra. As shown in Fig. 6 , there were three components in the spectra. The S 2p XPS spectra for the copper (Fig. 7) differ from those for the silver. The two peaks originated from the 2p 3/2 and 2p 1/2 . The difference between the S 2p spectra for silver and copper will be discussed in the next section. Rickett and Payer reported a peak at 166.8 eV in the S 2p XPS spectra of copper exposed to 75 ppb SO 2 for 60 hours. 10) They thought it reasonable that the peak originated from bisulfite; however, some oxy-sulfur ions, such as S 2 O 4 2 and S 2 O 5 2 , have a binding energy that falls within the same binding energy region. 10) As shown in Fig. 7 , the binding energies of 2p 3/2 were 166.6 and 166.5 eV for copper exposed to flowing air containing 18 and 148 ppb SO 2 , respectively. These binding energies agree well with the ones from bisulfite or sulfite, as shown in Table 1 . Although oxy-sulfur ions cannot be ruled out, it is possible to observe a peak originating from bisulfite, which is generated when SO 2 dissolves into the surface electrolyte.
It is important to note that the S 2p XPS spectra for the copper (Fig. 7) differed from those for copper exposed to an urban atmosphere, an example of which is shown in Fig. 8 for comparison. There is one peak centered at around 168.5 eV. 21 ), 25) Its broadness indicates that there is one more component on the lower binding energy side, but its contribution is negligibly small. The peak centered at 168.5 eV can be assigned to sulfate, which mainly originated from the hydrated basic copper sulfate (Cu 4 SO 4 (OH) 6 H 2 O) that had formed. 21) , 25) In the urban atmosphere, both SO 2 and particulate sulfate adsorbed on and dissolved into the surface electrolyte on the copper surface. The former easily oxidized into stable sulfate ions due to the presence of oxidizing agents such as OH radicals (OH ) and hydrogen peroxide (H 2 O 2 ). As a result, sulfate is the main component observed in the S 2p XPS spectra.
The difference in the chemical state of the sulfur between silver and copper exposed to a low SO 2 concentration for one hour was also examined. Fig. 9 shows the S 2p XPS spectra for the silver (Fig. 3(a) ) and the copper (Fig.  7(a) ) again for comparative purposes. As described above, there is a significant difference between the two spectra. That is, three components were observed in the S 2p XPS spectra for the silver, while only one was observed in that for the copper. When SO 2 adsorbs on the surface electrolyte, the dissolution can be described as
The bisulfite ions further dissolve into protons and sulfite ions when the pH of the surface electrolyte is high.
In the final stage, sulfite ions are oxidized by the dissolved oxygen in the surface electrolyte, resulting in the formation of stable sulfate ions. 
This reaction is also promoted by other oxidizing agents. For copper exposed to an atmospheric environment, the resulting sulfate contributes to the formation of basic copper sulfates such as Cu 4 SO 4 (OH) 6 H 2 O and Cu 4 SO 4 (OH) 6 .
26)
However, the reaction described by equation (3) apparently did not occur in our study as we did not observe the sulfate component in the S 2p XPS spectra. This is possibly because the exposure time was too short for the sulfite to oxidize. For silver, the three observed peaks may have arisen from bisulfite, S 2 O 5 2 , S 2 O 3 2 , and/or S 2 . If the exposure time is lengthened, the sulfide ions react with the metallic silver and form silver sulfide (Ag 2 S). Franey et al. demonstrated that the rate of silver sulfidation by SO 2 is more than two orders of magnitude lower than that by reduced sulfur, such as H 2 S and COS. 12) However, the S 2p spectra we obtained for the silver suggests that the contribution of SO 2 to silver sulfidation is significant if, as we assume, the broad peak at around 162 eV is mainly due to the sulfide. It is well known that Ag 2 S is a thermodynamically stable phase and that silver does not form sulfate under ordinary conditions. 22) McLeod and Rogers reported that SO 2 in the atmosphere easily dissolves into the surface electrolyte and that the resulting sulfurous acid (H 2 SO 3 ) can act either as a reducing agent or an oxidizing one. 27) We believe that there is a reduction route of bisulfite ions as follows. For copper, the bisulfite seen in the S 2p XPS spectra originated from SO 2 adsorption on the surface electrolyte, as shown in equation (1) . Although Chawla and Payer reported the formation of copper sulfide (Cu 2 S) in the early stage of copper corrosion with 0.5 SO 2 , 28) we did not detect any sulfide component (Fig. 9(b) ). Our results agree well with those reported by Rickett and Payer.
10) It is interesting that there was a difference in the chemical state of sulfur between silver and copper exposed to the same atmosphere. The difference was due to the formation of native oxide; that is, the former did not form a stable oxide while the latter immediately formed Cu 2 O as soon as it was exposed to air. This Cu 2 O on copper may impede the reduction of bisulfite or other oxy-sulfur ions. Rozenfeld proposed the following reduction mechanism. 
The protons represented in equations (6) and (7) may have dissolved the Cu 2 O as follows.
The protons also dissolved the cupric species identified in the Cu 2p XPS spectra. As a result, reduction species did not form on the copper. Although we have demonstrated a clear difference between silver and copper when they are exposed to flowing air containing SO 2 , more detailed studies are needed to clarify the cause.
Chemical state analyses of silver and copper plates exposed for one hour to flowing air containing 18 and 148 ppb SO 2 were carried out using XPS to get a better understanding of the initial corrosion behavior of these two metals. The findings are summarized as follows.
1) There was no difference in the shape of the XPS spectra between the two SO 2 concentrations. This indicates that the chemical state of the elements, including the base metals (silver and copper), oxygen, and sulfur does not depend on the SO 2 concentration. The Ag 3d spectra revealed that the silver still had its metallic characteristics even after exposure whereas the copper oxidized during exposure, forming Cu 2 O and cupric species such as Cu(OH) 2 .
2) The S 2p XPS spectra for the silver revealed three peaks originating from bisulfite, S 2 O 5 2 , S 2 O 3 2 , and/or S 2 . The bisulfite originated from the dissolution of SO 2 into the surface electrolyte, while the S 2 O 5 2 , S 2 O 3 2 , and S 2 originated from the reduction of sulfurous acid. The S 2 possibly formed silver sulfide. In contrast, only bisulfite was observed in the S 2p spectra for the copper. It also originated from the SO 2 dissolution. The difference in the chemical state of sulfur between the silver and copper is attributed to the presence of native oxide on the surface, Zairyo-to-Kankyo Fig. 9 S 2p XPS spectra of (a) silver and (b) copper exposed for one hour to flowing air containing 18 ppb SO 2 .
which may impede the reduction of bisulfite.
